INTRODUCTION
============

Drug addiction is a chronic relapsing disorder characterized by compulsive drug seeking and loss of control over intake. Repeated drug taking reorganizes neural circuits, and drug-induced recruitment of integrative mechanisms within the basal ganglia has been postulated to promote drug-seeking behavior ([@bib3], [@bib5]; [@bib49]). The striatal nucleus is the major input nucleus to the basal ganglia, and striatal subregions appear to be selectively recruited during specific stages of addiction. The ventral striatum, the nucleus accumbens (nAc), is associated with the rewarding and reinforcing effects by drugs of abuse ([@bib13]; [@bib32]), whereas the dorsal striatum has been implicated in drug relapse ([@bib19]; [@bib42]). The dorsal striatum can be subdivided into the dorsomedial striatum (DMS), involved in drug-induced behavioral sensitization, and the dorsolateral striatum (DLS), which appears to be recruited as addiction develops into compulsive habitual drug intake ([@bib16]; [@bib20]; [@bib40]; [@bib50], [@bib47], [@bib49]).

Previous preclinical research has identified a hierarchical recruitment of striatal subregions during the progression of cocaine use, where changes in dopamine signaling in DLS are dependent on antecedent activity in ventral striatal circuitry ([@bib4]; [@bib45]). There is also dissociation between the DMS and DLS over the acquisition and performance of cocaine seeking, further supporting the theory of dynamic shifts in striatal control over cocaine seeking ([@bib33]). However, temporal recruitment of dorsal striatal subregions has also been shown during consolidation of a motor skill, and neuroadaptations associated with drug self-administration in these subregions might thus be partially associated with action learning ([@bib48]). If legal drugs, such as nicotine, induce similar transformations in striatal circuits, and if animals need to self-administer the drug in order for these putative changes to occur, is not known.

Nicotine, the major addictive component of tobacco, induces its reinforcing effects by activating the mesolimbic dopamine system ([@bib14]; [@bib34], [@bib35]). Repeated intermittent administration of nicotine has been shown to alter nicotinic acetylcholine receptor availability, and to modulate dopaminergic neurotransmission in ways that lead to behavioral sensitization to drug exposure in a long-term manner ([@bib2]; [@bib7]; [@bib9]; [@bib28]; [@bib32]; [@bib41]). The aim of this study was to define if a brief period of non-volitional administration of nicotine followed by protracted abstinence would be sufficient to produce temporal neuroadaptations in dorsal striatal subregions. Wistar rats were treated intermittently with nicotine for 3 weeks, and then maintained abstinent for up to 27 weeks (6 months), after which nicotine was readministered for a short time frame. Rearing activity, which is enhanced following repeated nicotine administration and impaired by lesions in the DMS ([@bib2]; [@bib1]), was assessed to monitor behavioral effects that could be linked to dorsal striatum function.

MATERIALS AND METHODS
=====================

Nicotine Treatment
------------------

Adult male Wistar rats (Taconic, Ejby, Denmark or Janvier, France) (250--350 g) were group-housed with a 12-h light/dark cycle with food and water *ad libitum*. After 1 week of acclimatization to the animal facility, rats received daily injections of nicotine (0.36 mg/kg subcutaneously, dissolved in 0.9% NaCl with pH adjusted to 7.2--7.4 with NaHCO~3~), or vehicle (0.9% NaCl) on weekdays during 3 weeks, resulting in a total of 15 injections. A subset of animals was maintained for 6 months, after which they received six additional daily doses of nicotine. One group of animals received only five nicotine injections in total before being killed. All experimental protocols were approved by the Ethics Committee for Animal Experiments, Gothenburg, Sweden.

Locomotor Activity
------------------

Locomotor activity was recorded once weekly during a 3-week nicotine exposure period, as described previously ([@bib2]). In brief, following 30 min of habituation to the motor activity test box (Kungsbacka mät-och reglerteknik AB, Kungsbacka, Sweden), animals received a subcutaneous injection of either nicotine or vehicle, after which locomotion was recorded for 30 min. Horizontal activity and rearing activity was measured during the entire experiment as total infrared beam breaks, while corner time was measured in seconds. To minimize the input of contextually conditioned sensitization, animals received 11 injections in the home cage, and 4 injections in the test environment.

Electrophysiology
-----------------

Brain slice preparation and field potential recordings were performed acutely (after 5 days exposure), 3 days, 1 week, 1 month (for 5 days and 3 weeks exposure), 2 months, 3 months, and 6 months after the final nicotine injection as described previously ([@bib10]). The subset of animals receiving six additional doses of nicotine after 6 months of abstinence was killed 2--3 days after the last injection. Coronal brain slices (350 μm) were allowed to equilibrate for 15 min at 30 °C, and then at least 1 h at room temperature in aCSF containing (in mM): 124 NaCl, 4.5 KCl, 2 CaCl~2~, 1 MgCl~2~, 26 NaHCO~3~, 1.2 NaH~2~PO~4~, and 10 [D]{.smallcaps}-glucose, continuously bubbled with a mixture of 95% O~2~/5% CO~2~ gas.

For electrophysiological recordings, slices were perfused with aCSF (30 °C) and population spikes (PS) activated by paired-pulse stimulation (50 ms interpulse interval) at a frequency of 0.05 Hz via a monopolar tungsten electrode (World Precision Instruments, Sarasota, FL) placed at the border of the DLS and the overlying white matter, or intrastriatal in the DMS. Synaptic efficacy was evaluated by stepwise increasing afferent stimulation strength (input/output function), and changes in release probability were estimated analyzing the paired-pulse ratio (PPR) (PS2/PS1). Slices from nicotine-treated animals were run in parallel to their corresponding vehicle-treated controls, using the same stimulation electrodes and buffers.

Golgi Staining
--------------

Nicotine-treated rats and vehicle controls were deeply anesthetized with Allfatal (100 mg/ml (pentobarbital); Omnidea AB, Stockholm, Sweden) and perfused intracardiovascular with Tyrode\'s solution and 4% *para*-formaldehyde. Brains were impregnated in a Golgi-Cox Fast Kit according to the company protocol (FD NeuroTechnologies, Columbia, MD), and cut into 60 μm slices. A Zeiss lsm 700 inverted confocal microscope with a × 63 oil objective (NA 1.4), and an Olympus BX60 microscope (Olympus Corp., Center Valley, PA) equipped with a × 100 oil objective (NA 1.3) were used to capture images from the distal dendrites. Spine counting was carried out blind to treatment on at least two separate occasions/treatment.

qPCR
----

Animals were decapitated and brains submerged in ice-cold saline before dissected and frozen on dry ice. Brain tissues were homogenized in 1 ml QIAzol Lysis Reagent (Qiagen, Hilden, Germany) using a TissueLyser LT (Qiagen) and in Qiagen\'s RNeasy Lipid Tissue Kit to extract total RNA. The quality and concentrations of the extracted RNA were measured using a Nanodrop2000 (Thermo Scientific, Waltham, MA). A total of 1 μg RNA was converted to cDNA using the QuantiTect Reverse Transcription Kit (Qiagen). qPCRs were carried out in 96-well plates using LightCycler 480 Real-time PCR (Roche Applied Science, Penzberg, Germany). Expression levels of target genes (*Drd1*, *Drd2*, *Drd3*, *Drd4*) were normalized against reference genes *RPL19* (DMS), or *GAPDH* and *SDHA* (DLS). All samples were run in duplicates, alongside with negative (water) and positive (calibrator genes) controls according to the manufacturer\'s instructions using a LightCycler 480 Real Time PCR System (Roche Applied Science). The data were analyzed in LightCycler 480 software, and extracted to GraphPad for further analysis. Ct values for *Drd4* were \>40 in all treatment groups, and therefore excluded from further analysis.

*In vivo* Microdialysis
-----------------------

*In vivo* microdialysis was performed in the nAc, DMS, and DLS of awake and freely moving Wistar rats (250--350 g) as described previously ([@bib2]; [@bib11]). In brief, rats were implanted with an I-shaped custom-made dialysis probe into the nAc (coordinates: AP: +1.85 mm; ML: −1.4 mm relative to bregma; DV: −7.8 mm relative to brain surface), DMS (+1.2, −2.0, −5.5) or DLS (+1.2, −3.5, −5.5). On the day of the experiment, probes were connected to a microperfusion pump and microdialysis samples were collected every 20 min. Dopamine was analyzed online by HPLC, and following a stable baseline animals were injected with nicotine (0.36 mg/kg subcutaneously). Only animals with accurate probe placement were included in the data analysis.

Statistical Analysis
--------------------

Data were analyzed with Clampex 10.1 (Molecular Devices, Foster City, CA) and Graph Pad Prism. Gaussian distribution was tested with D\'Agostino and Pearson\'s omnibus normality test. All data are presented as mean values±SEM, and the level of significance was set to *P\<*0.05. Group and treatment effects were analyzed using two-way ANOVA, and unpaired *t*-test when applicable. qPCR data were analyzed using Mann--Whitney *U*-test.

RESULTS
=======

Protracted Nicotine Abstinence Reveals Sustained Effects on Locomotion and Progressive Changes in Synaptic Output From Striatal Subregions
------------------------------------------------------------------------------------------------------------------------------------------

Repeated administration of nicotine significantly enhanced horizontal activity, and suppressed corner time, in a manner that sustained even after 6 months of nicotine abstinence (vehicle *vs* nicotine, horizontal activity: 1st injection: *t*=1.15, d.f.=27, *P\>*0.05; 15th injection: *t*=5.34, d.f.=27, *P\<*0.001, +24 weeks abstinence: *t*=6.01, d.f.=27, *P\<*0.001; corner time: 1st injection: *t*=0.91, d.f.=27, *P\>*0.05; 15th injection: *t*=3.44, d.f.=27, *P\<*0.01, +24 weeks abstinence: *t*=4.54, d.f.=27, *P\<*0.001) ([Figures 1a and b](#fig1){ref-type="fig"}). Nicotine significantly depressed rearing activity in naïve animals, whereas an increase in rearing activity was recorded in response to the last injection (vehicle *vs* nicotine, 1st injection: *t*=3.16, d.f.=27, *P\<*0.01; 15th injection: *t*=2.32, d.f.=27, *P\<*0.05). The rearing enhancing effect by nicotine was intensified following the first 6 weeks of nicotine abstinence (+6 weeks: *t*=4.26, d.f.=13, *P\<*0.001), but did not sustain for longer abstinence periods (+12: *t*=0.77, d.f.=16, *P\>*0.05; +18: *t*=1.23, d.f.=26, *P\>*0.05; +24: *t*=1.37, d.f.=27, *P\>*0.05) ([Figure 1c](#fig1){ref-type="fig"}). In parallel to changes in locomotor activity, electrophysiological field potential recordings revealed an initial decline in DMS input/output function, indicative of reduced synaptic efficacy in this brain region of nicotine-treated rats (two-way ANOVA, 3 days: F~(1,20)~=5.19, *P\<*0.05; 1 week: F~(1,22)~=8.90, *P\<*0.01; 1 month: F~(1,19)~=8.89, *P\<*0.01; 2 months: F~(1,23)~=0.16, *P\>*0.05; 3 months: F~(1,21)~=0.13, *P\>*0.05) ([Figure 1d](#fig1){ref-type="fig"}). Five injections of nicotine were sufficient to enhance horizontal activity and rearing (horizontal activity: F~(1,20)~=8.39, *P\<*0.01; rearing activity: F~(1,20)~=10.01, *P\<*0.01) ([Figures 1f and g](#fig1){ref-type="fig"}). Electrophysiological recordings performed later the same day also showed upon a similar decline in input/output function in the DMS (F~1,25~=9.83, *P\<*0.01) ([Figure 1h](#fig1){ref-type="fig"}). This brief exposure period was, however, not sufficient to produce a long-lasting decline in DMS output (two-way ANOVA, 5 days+1 month of abstinence: F~(1,30)~=1.27, *P\>*0.05 ([Figure 1i](#fig1){ref-type="fig"}).

In the DLS, on the other hand, a decline in input/output function developed over time and was significant after 3 months of nicotine abstinence (two-way ANOVA, 3 days: F~(1,14)~=1.72, *P\>*0.05; 1 week: F~(1,23)~=1.52, *P\>*0.05; 1 month: F~(1,27)~=1.54, *P\>*0.05; 2 months: F~(1,25)~=0.20, *P\>*0.05; 3 months: F~(1,28)~=5.54, *P\<*0.05) ([Figure 1e](#fig1){ref-type="fig"}).

Temporal Neuroadaptations in Striatal Subregions During Protracted Nicotine Abstinence
--------------------------------------------------------------------------------------

To examine underlying causes for nicotine-induced effects on input/output function, synaptic release probability was estimated by calculating the PPR, and the number of dendritic spines was counted in Golgi-stained brain slices. PPR, and the number of dendritic spines, was significantly increased in the DMS of nicotine-treated rats as compared with vehicle-treated controls after 1 month of nicotine abstinence (unpaired *t*-test: PPR: *t*=2.65, d.f.=19, *P\<*0.05; no. of spines: *t*=3.4, d.f.=118, *P\<*0.001) ([Figure 2](#fig2){ref-type="fig"}). Following 3 months of abstinence, however, PPR was significantly reduced, with a trend towards decreased spine density (PPR: *t*=2.85, d.f.=28, *P\<*0.001; no. of spines: *t*=1.71, d.f.=58, *P*=0.09) ([Figure 2](#fig2){ref-type="fig"}). A parallel change was also detected when quantifying mRNA expression for the dopamine D1 receptor (D1R) and the dopamine D2 receptor (D2R). The expression was significantly enhanced in nicotine-treated rats following 1 month of abstinence (Mann--Whitney test: D1R, *P\<*0.05; D2R, *P\<*0.05, *n*=10 (vehicle), *n*=11 (nicotine)), but reduced following 3 months of abstinence (Mann--Whitney test: D1R, *P\<*0.05; D2R, *P*=0.11, *n*=13 in both treatment groups). Dopamine D3 receptor (D3R) expression was not modulated at the time points analyzed (1 month: *t*=0.36, d.f.=19, *P\>*0.05; 3 months: *t*=0.06, d.f.=23, *P\>*0.05).

In the DLS, there were no significant effects by treatment on PPR, spine density, or mRNA expression at any time-point analyzed (1 month: PPR: *t*=1.35, d.f.=22, *P\>*0.05; no. of spines: *t*=1.87, d.f.=116, *P*=0.06; D1R expression: *P\>*0.05; D2R expression: *P\>*0.05; D3R expression: *t*=0.64, d.f.=18, *P\>*0.05; 3 months: PPR: *t*=0.36, d.f.=14, *P\>*0.05; no. of spines: *t*=0.06, d.f.=60, *P\>*0.05; D1R expression: *P\>*0.05; D2R expression: *P\>*0.05; D3R expression: *P\>*0.05) ([Figure 2](#fig2){ref-type="fig"}).

Nicotine Enhances *In Vivo* Dopamine Levels in a Subregion-Selective Manner
---------------------------------------------------------------------------

Dopamine receptor expression was selectively altered in the DMS, which may relate to subregion-specific effects by nicotine on dopamine release. The extracellular concentrations of dopamine were measured by means of *in vivo* microdialysis in the DLS, DMS, or nAc of awake and freely moving rats during acute administration of nicotine (0.36 mg/kg subcutaneously). Nicotine-induced dopamine release in nicotine-naïve rats was significantly higher in the nAc as compared with DMS and DLS (F~(2,18)~=26, *P\<*0.001), indicating that nicotine enhances dopamine levels in a subregion-specific manner ([Figure 3a](#fig3){ref-type="fig"}). Similar findings were retrieved following 3 weeks of repeated intermittent administration of nicotine (F~(2,20)~=13, *P\<*0.001). The relative release of dopamine in response to nicotine administration in the DMS was not significantly higher as compared with the DLS (F~(1,15)~=1.68, *P\>*0.05) ([Figure 3b](#fig3){ref-type="fig"}).

Enhanced Responsiveness to Nicotine in the DLS After 6 Months of Nicotine Abstinence
------------------------------------------------------------------------------------

To assess long-lasting changes in neurotransmission and drug reinforcement caused by previous exposure, vehicle- and nicotine-treated rats were maintained abstinent for 6 months before brain slice preparation. Electrophysiological recordings at this time-point showed no effect by treatment, neither on input/output function nor on PPR in any subregion studied (DMS: I/O, F=0.11~(1,41)~, *P\>*0.05; PPR, *P*=0.74, *t*=0.33, d.f.=22; DLS: I/O, F=0.03~(1,60)~, *P\>*0.05; PPR, *P*=0.59, *t*=0.55, d.f.=59) ([Figure 4](#fig4){ref-type="fig"}).

To evaluate possible changes in the sensitivity to nicotine re-exposure, a subset of animals received six additional nicotine injections before being killed. Nicotine enhanced horizontal activity and rearing activity to a greater extent in rats receiving nicotine 6 months earlier (horizontal activity: *t*=3.33, d.f.=14, *P\<*0.01; rearing activity: *t*=3.05, d.f.=14, *P\<*0.01). Following 5 days of additional treatments, horizontal activity continued to be more pronounced in rats previously treated with nicotine (6th injection: *t*=2.18, d.f.=14, *P\<*0.05), while there was no difference with respect to rearing activity (6th injection: *t*=0.96, d.f.=14, *P\>*0.05) ([Figure 4a](#fig4){ref-type="fig"}). After 6 days of nicotine treatment to both vehicle- (vehicle+6) and nicotine-treated rats (nicotine+6) field potential recordings revealed no treatment effect on input/output function in the DMS (F=2.63~(1,18)~, *P\>*0.05), while striatal output from the DLS was significantly depressed in rats re-exposed to nicotine (F=5.83~(1,17)~, *P\<*0.05) ([Figure 4](#fig4){ref-type="fig"}). PPR was not significantly modulated in any subregion (vehicle+6 *vs* nicotine+6: DMS: *t*=0.06, d.f.=11, *P\>*0.05; DLS: *t*=1.27, d.f.=11, *P\>*0.05), while spine density was enhanced in rats previously exposed to nicotine in both subregions (vehicle *vs* nicotine+6: DMS: *t*=3.3, d.f.=13; *P\<*0.01, DLS: *t*=2.50, d.f.=16, *P\<*0.05) ([Figure 4](#fig4){ref-type="fig"}). In addition, in the DMS, spine density was significantly enhanced in previously exposed rats as compared with vehicle-treated rats receiving nicotine for the first time (vehicle+6 *vs* nicotine+6: DMS: *t*=3.1, d.f.=10; *P\<*0.05; DLS: *t*=1.4, d.f.=12, *P\>*0.05) ([Figure 4](#fig4){ref-type="fig"}).

DISCUSSION
==========

Drug addiction is a chronic relapsing disorder that appears to be related to progressive neuroadaptations of corticostriatal networks ([@bib4]). Previous studies have shown that striatal subregions are recruited in a hierarchical manner during the progression of cocaine use, and the data presented here suggest that similar processes might occur in response to nicotine treatment. Three weeks of intermittent nicotine administration was sufficient to produce long-lasting changes in synaptic efficacy that developed over time in a subregion-selective manner. Five days of intermittent nicotine exposure was sufficient to produce a robust decline in DMS input/output function, while significant changes in DLS was established after several months of abstinence, at a time point where DMS activity was restored. These findings thereby suggest that a brief period of intermittent nicotine treatment might be sufficient to instigate rewiring of neuronal networks that may continue to develop during protracted abstinence. In addition, even though treatment effects on synaptic transmission appeared to be fully recovered after 6 months of nicotine abstinence, brief re-exposure rapidly reinstated alterations in synaptic efficacy in the DLS, which, after the initial treatment period, required several months to develop. Notably, 5 days of intermittent nicotine treatment was not sufficient to produce long-lasting changes in DMS activity, suggesting that the persistence of these adaptations may depend on the number of exposures and/or the total dose received ([@bib27]; [@bib38]). It should be noted, however, that nicotine was administered in a non-volitional manner, which might not recruit the same neuronal circuits as drug self-administration. It is thus possible that voluntary consumption further strengthens neuroadaptations in corticostriatal networks, and that a shorter drug use could be sufficient to induce sustained changes in neurotransmission.

Previous research indicates that the DLS and DMS have separable roles in the process of behavioral sensitization and in the development of addictive behavior. The DMS, but not DLS, appears to be recruited during cocaine-induced behavioral sensitization ([@bib16]; [@bib24]), and dopaminergic manipulations in the DMS reduce cocaine-seeking behavior in its early stages, while infusion of dopamine antagonists into the DLS decreases established cocaine-seeking behavior ([@bib33]). A similar modulation of striatal neurotransmission has been shown during acquisition and consolidation of a motor skill, where inputs from the associative cortex are strengthened at an early state, while inputs from the sensory motor cortex are gradually potentiated over time ([@bib48]). Interestingly, dopamine systems also adapt during acquisition and consolidation of a motor skill, where initial changes in dopamine D1R expression in DMS progressively decline with consolidation ([@bib39]). Dorsal striatal neuroadaptations monitored over a period of drug self-administration might thus be partially influenced by action learning. Thus, importantly, the data presented here indicate that non-volitional nicotine administration recruits similar cortical areas and initiates a comparable transition, suggesting that these progressive effects on neurotransmission in the DMS and DLS follow a specific activation pattern of cortical subregions that may not require motor skill learning ([@bib43]). Importantly, excitotoxic lesions in the DMS selectively suppress motor skill learning during the early, but not late, phase, indicating that these processes develop in parallel and that neuroadaptations in the DLS may occur independent of changes in the DMS ([@bib48]).

Dopamine is a key neurotransmitter for the reinforcing properties of drugs of abuse, and changes in dopamine sensitivity have been linked to the switch from action-outcome responding into abnormal habit responding, leading to incentive drug seeking and craving ([@bib12]). The data presented here show subregion-selective changes in mRNA expression of both dopamine D1Rs and D2Rs in the DMS, but not in DLS, indicating that nicotine withdrawal produces temporal adaptations in dopaminergic transmission. In addition, a role for dopamine in the neuroadaptations presented here is further supported by changes in spine density, which was selectively enhanced in the DMS during the initial phase of drug treatment. Increased spine density has been associated with dopamine-dependent structural plasticity ([@bib15]; [@bib30]; [@bib37]; [@bib44]), and appears to be especially promoted by dopamine D1R activation ([@bib26]). D3Rs and D4Rs have also been implicated in behavioral sensitization and nicotine-seeking behavior ([@bib23]; [@bib46]). However, D3R mRNA levels were not significantly modulated at the time points analyzed, and the expression level of D4R was too low to reach inclusion in either treatment group.

Importantly, even though nicotine activates the mesolimbic dopamine system ([@bib2]; [@bib22]; [@bib35]; [@bib36]), and has been reported to enhance dopamine levels in the dorsal striatum ([@bib29]), this is not always the case for the putamen ([@bib18]). The *in vivo* microdialysis performed here displayed a substantially lower dopamine increase in rat dorsal striatum as compared with the nAc. This differential effect sustained even after 3 weeks of nicotine administration, and did not support a significant deviation between the DMS and DLS. In addition, previous data from our laboratory has shown that input/output function is not significantly modulated in the nAc of adult rats following 3 weeks of nicotine treatment ([@bib2]). The acute neuroadaptations detected in the DMS are thus not likely initiated by changes in dopamine transmission, even though changes in this system appears to occur during the progression of nicotine withdrawal. Rather, these neuroadaptations in the dorsal striatum might be connected to activation/deactivation of specific cortical areas and inputs reaching the DMS and DLS, or via local nicotine effects ([@bib17]; [@bib25]).

Repeated intermittent administration of nicotine increased horizontal activity and rearing activity, and suppressed the time spent in corners in a long-lasting manner. Interestingly, enhanced rearing activity sustained for up to 6 weeks of abstinence, and is therefore not equivalent to behavioral sensitization to the locomotor stimulatory properties of nicotine, which appears to be life long ([@bib32]). Even though no causal relationship can be established here, changes in rearing activity appeared to correlate with suppressed neurotransmission in the DMS. In fact, the DMS has previously been implicated in rearing-, but not locomotor, activity ([@bib1]), suggesting that separate neurocircuits may underlie these behavioral effects of nicotine. It should be noted, however, that when readministering nicotine after 6 months of abstinence, the rearing activity was initially higher in rats previously exposed to the drug. This indicates that tolerance to the rearing suppressing properties of nicotine sustains even after 6 months of nicotine abstinence.

Treatment effects on synaptic efficacy were assessed by stepwise increasing stimulation strength, and the data presented here suggest that excitatory neurotransmission is selectively declined in the DMS of rats that have received nicotine. The depression was concomitant with a change in PPR, indicating that the probability for transmitter release is selectively decreased in the DMS after 1 month of nicotine abstinence. Surprisingly, in parallel to this decline in synaptic efficacy, the number of dendritic spines was increased. This finding, however, might be associated with an increased number of silent synapses, which has previously been shown during cocaine-induced behavioral sensitization ([@bib8]). In the DLS, input/output function was significantly depressed first 3 months after the last nicotine administration. At the same time, the DLS responded more robustly to nicotine re-exposure after 6 months of protracted abstinence. This finding supports pervious theories of a dynamic shift between brain regions associated with goal-directed and habitual performance during the progression of drug addiction ([@bib21]; [@bib33]), and is also in line with the concept that neuroadaptations initially occurring in the DMS are in some way transferred to the DLS where they become permanent ([@bib4]; [@bib31]; [@bib40]). The data presented here, however, is purely descriptive in nature, and casual relationships need to be further established before we can determine if these effects are relevant for nicotine addiction.

Previous research suggests that protracted exposure to addictive drugs recruit dopamine-dependent, striatonigrostriatal ascending spirals from the nAc to more dorsal regions of the striatum, and that these transformations underlie a shift from action-outcome to stimulus-response mechanisms in the control over drug seeking ([@bib5]; [@bib6]; [@bib49]). Our data suggest that nicotine may recruit similar pathways and produce comparable reorganizations of striatal circuits. Importantly, the data presented here are based on forced drug exposure and do not involve self-administration or instrumental conditioning. Thus, passive exposure to drugs of abuse may not only activate these pathways but may also produce prolonged reorganizations independent of administration or motivational aspects of drug taking. In addition, we show that long-lasting changes in striatal connectivity may develop during protracted abstinence, and that these neuromodulations may render the system vulnerable to further exposure to the drug. Considering the role of DLS in habit formation, this shift in dorsal striatal circuits could be involved in the development of compulsive drug seeking and the high vulnerability to relapse, which are hallmarks of drug addiction.
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![Long-lasting changes in locomotion and progressive changes in striatal neurotransmission following nicotine exposure. Rats received 15 injections of either vehicle or nicotine over a 3-week period (hatched area) and locomotor activity in response to vehicle or nicotine injection was assessed in different batches of animals after 6, 12, 18, and 24 weeks of abstinence (*n*=6--12 per group). (a and b) Repeated administration of nicotine significantly enhance horizontal activity and suppressed corner time in a manner that was sustained even after 6 months of nicotine abstinence. (c) Nicotine initially depressed rearing activity, whereas repeated administration enhanced vertical beam breaks for up to 6 weeks after the last administration. (d) Previous exposure to nicotine significantly depressed the response amplitude in the DMS for up to 1 month. (e) In the dorsolateral striatum (DLS), a decline in input/output function developed over time and was significant following 3 months of nicotine abstinence. (f and g) Five injections of nicotine were sufficient to enhance horizontal activity and rearing. Time-course figure shows beam breaks during the 5th administration of vehicle/nicotine (*n*=10 per group). (h) Input/output function was significantly depressed in the DMS of rats receiving five injections of nicotine as compared with vehicle-treated control. (i) This treatment paradigm, however, was not sufficient to produce a long-lasting decline in population spikes (PS) amplitude during nicotine abstinence. \*Significant effect by treatment (\**P\<*0.05, \*\**P\<*0.01, and \*\*\**P\<*0.001).](npp2016118f1){#fig1}

![Nicotine abstinence produces temporal neuroadaptations in specific subregions. (a and b) Following 1 month of withdrawal, spine density and paired-pulse ratio (PPR) was enhanced in the dorsomedial striatum (DMS) of nicotine-treated rats, indicative of a decrease in probability for transmitter release but increase in the number of synapses in this treatment group. (c) In addition, both dopamine D1 and D2 receptor mRNA expressions were enhanced in nicotine-treated rats. (d--f) After 2 additional months of abstinence, treatment effects on spine density, PPR, and mRNA expression were reversed in the DMS. (g--l) In the dorsolateral striatum (DLS), spine density, PPR, or mRNA expression were not significantly modulated following neither 1 nor 3 months of abstinence. \*Significant effect by treatment (\**P\<*0.05, \*\**P\<*0.01, and \*\*\**P\<*0.001).](npp2016118f2){#fig2}

![Nicotine enhances extracellular dopamine levels in a subregion-specific manner. (a) Administration of nicotine selectively enhanced the extracellular concentration of dopamine in the nucleus accumbens (nAc) of nicotine-naïve rats. (b) The subregion-specific release of dopamine remained in rats subjected to 3 weeks of intermittent nicotine administration. Arrow marks time point for nicotine administration (0.36 mg/kg, subcutaneously). (c) Schematic drawing describing the areas of microdialysis probe placement in the different subregions of the striatum: (A) DLS, (B) DMS, and (C) nAc.](npp2016118f3){#fig3}

![Changes in responsiveness to nicotine after 6 months of nicotine abstinence. After 6 months of nicotine abstinence, vehicle- (vehicle+6) and nicotine-treated (nicotine+6) rats received 6 days of nicotine administration. (a) Horizontal activity and rearing activity were significantly enhanced in response to the first nicotine injection in rats previously exposed to nicotine as compared with vehicle-treated control rats housed in parallel. (b) Micrographs showing representative Golgi staining of dendritic spines in the dorsomedial striatum (DMS); vehicle (I), vehicle receiving nicotine (vehicle+6) (II), nicotine (III), and nicotine receiving nicotine (nicotine+6) (IV). (c) Input/output function was restored in the DMS after 6 months of nicotine abstinence. (d) Re-exposure to nicotine did not depress population spikes (PS) amplitude in the DMS of rats previously exposed to nicotine. (e) Paired-pulse ratio (PPR) was not significantly modulated by treatment in the DMS. (f) Spine density was enhanced by nicotine in the DMS of rats previously exposed to nicotine (nicotine+6). (g) Example traces showing evoked PS amplitudes in the DMS of slices from vehicle (A), nicotine (B), and nicotine+6-treated rats (C). (h) Input/output function was not modulated in the dorsolateral striatum (DLS) following 6 months of abstinence. (i) Six additional days of nicotine treatment significantly depressed input/output function in rats previously treated with nicotine (nicotine+6). (j) PPR was not modulated by treatment in the DLS. (k) Nicotine exposure significantly enhanced DLS spine density in re-exposed rats. (l) Example traces showing evoked PS amplitudes in the DLS of slices from vehicle (A), nicotine (B), and nicotine+6-treated rats (C). Calibration is 0.15 mV, 0.2 ms. \*Significant effect by previous treatment (\**P\<*0.05 and \*\**P\<*0.01). ^\#^Significant effect compared with vehicle (^\#^*P\<*0.05 and ^\#\#^*P\<*0.01).](npp2016118f4){#fig4}
